ABSTRACT. Most F 1 -Dh/+ male mice resulting from a cross between inbred DDD strain females and DH-Dh/+ strain males exhibit growth retardation and die during the neonatal period. The lethality is caused by a combination of three independent gene loci, namely the Dh locus on chromosome 1, Grdhq1 locus on the X chromosome, and a putative Y chromosome-linked locus in some strains. Among these loci, Grdhq1 was previously mapped to a distal region of the X chromosome using progeny from♀(♀DDD × ♂DH-+/+) F 1 ♂DH-Dh/+ mice. In this study, fine mapping of Grdhq1 was performed using progeny of ♀(♀DDD × ♂CAST/EiJ) F 1 × ♂DH-Dh/+ mice. Contrary to expectation, Dh/+ male pups carrying the DDD allele at DXMit135 (genetic marker nearest to Grdhq1) survived to weaning. The presence of modifier loci that suppressed the lethality by impeding the action of Grdhq1 was suggested; therefore, a genome-wide scan was performed in the surviving Dh/+ males. As a result, a significant modifier locus was identified on proximal chromosome 11. This in turn suggested that Grdhq1 was located more distally than we had expected; that is, the actual location of Grdhq1 appeared to be near and/or distal to the Mid1 locus. Thus, the results revealed that the neonatal lethality in (DDD  DH-Dh/+) F 1 -Dh/+ males was caused by the fourth gene locus on chromosome 11 in addition to the above-mentioned three gene loci on chromosomes 1, X, and Y.
The dominant hemimelia (Dh) mutation arose spontaneously in a crossbred male mouse about 50 years ago in England [2] . Dh causes visceral abnormalities and skeletal malformations of varying degrees of severity [9] . Visceral abnormalities include a small stomach, short intestine, hydropic kidneys, and congenital absence of the spleen. Skeletal malformations are identified in the trunk caudally from the thorax, particularly in the hindlimbs [9, 14] . In general, abnormalities induced by Dh are expressed more severely in Dh/Dh mice than in Dh/+ mice. Dh/Dh mice rarely survive; most of them die shortly after birth because of their visceral defects [9] .
We have previously shown that F 1 -Dh/+ males resulting from a cross between inbred DDD strain females and DHDh/+ strain males die during the neonatal period [15] . Affected F 1 -Dh/+ males exhibit growth retardation and problems with urination and defecation, which appear due to the presence of a rectovesical fistula formed between the rectum and the urinary bladder in conjunction with an imperforate anus [11] . The lethal phenotype does not occur in the reciprocal cross between DH-Dh/+ strain females and DDD strain males. Genetic mapping of the loci underlying the lethality has revealed that it is caused by a combination of three independent gene loci, namely the Dh locus on chromosome 1, Grdhq1 locus on the X chromosome, and a putative Y chromosome-linked locus in some inbred strains [13] . With regard to the Y chromosome-linked locus, several Y chromosome consomic strains with Dh were analyzed to further substantiate the involvement of the Y-linked gene in this lethality [12] . It was found that among Mus musculus musculus Y chromosomes, those from C57BL/6J and BALB/cA caused lethality but those from C3H/HeJ and CAST/EiJ did not. Similarly, among Mus musculus domesticus Y chromosomes, those from AKR/J, DDD/Sgn, SJL/J, SWR/J, and TIRANO/EiJ caused lethality but that from RF/ J did not. These results indicate that two distinct Y chromosomes with functional differences coexist in inbred mouse strains [1, 12] .
In our previous study, Grdhq1 was mapped to a distal region of the X chromosome using progeny of ♀(♀DDD × ♂ DH-+/+) F 1 × ♂ DH-Dh/+ mice, but further mapping was impeded because only a limited number of genetic markers were available in this chromosomal region [13] . Therefore, in this study, fine mapping of the Grdhq1 on the distal X chromosome was performed using progeny of ♀(♀DDD × ♂ CAST/EiJ) F 1 × ♂ DH-Dh/+ mice. Since CAST/EiJ is a wild-derived inbred strain, it is expected that many informative genetic markers are available compared to the DH strain.
MATERIALS AND METHODS
Mice: Inbred mouse DH/Sgn (includes both DH-Dh/+ and DH-+/+) and DDD/Sgn (DDD) strains were maintained at the National Institute of Agrobiological Sciences (Tsukuba, Ibaraki, Japan). The inbred mouse CAST/EiJ (CAST) strain was purchased from the Jackson Laboratory (Bar Harbor, ME, U.S.A.).
All mice used in this study were housed in a specificpathogen-free facility, and food and water were freely available throughout the experimental period. Experiments were approved by the Institutional Animal Care and Use Commit-tee of the National Institute of Agrobiological Sciences.
Identification of Dh genotypes: Mice were judged as Dh/ + when they had typical hindlimb malformations, and confirmed as Dh/+ when they were asplenic. In contrast, mice were judged as +/+ when they had normal limbs, and confirmed as +/+ when they had a spleen.
Fine mapping of Grdhq1 on the distal X chromosome: For the fine mapping of Grdhq1 on the distal X chromosome, linkage analysis was performed using progeny of ♀ ( ♀ DDD × ♂ CAST) F 1 × ♂ DH-Dh/+ mice. For convenience, this cross is hereafter designated DCH.
Genotyping of Midline1 gene locus: Midline 1 (Mid1) gene locus genotypes were identified by electrophoresis after PCR using a primer set of 5'-tggtgataaaaggcaccttga-3' and 5'-tgactcaatggtaaagtgaatagaca-3'. This primer set amplified a part of the genomic region surrounding exon 6 of Mid1 (Fig. 1A ) and yielded clear bands from genomic DNA of the DDD and DH strains but not from the CAST strain (Fig. 1B) . The DDD band was larger than the DH band because a unit of 45 bp in the intron 6-7 was repeated two times in the DDD allele but only one time in the DH allele. This made it possible to discriminate mice with the Mid1 , respectively) were genotyped for microsatellite markers. Whether the CAST alleles were significantly associated with survival of ♂ Dh/+-DXMit135 DDD in DCH cross was evaluated by simple tests for association [10] . In Dh/+ males, the statistical significance of a departure from the expected 1:1 ratio of heterozygosity for the CAST allele (CAST/DH) to heterozygosity for the DDD allele (DDD/ DH) genotypes was assessed at each marker locus by a binomial test. The probability (P) that x of the n Dh/+ males had a CAST/DH genotype was calculated by the binomial formula:
Under the null hypothesis of no linkage, the probability (p) that Dh/+ males have a CAST/DH genotype is 0.5. P<0.0001 was considered to indicate significant linkage, and P<0.0034 was considered to indicate suggestive linkage [6] .
RESULTS
Fine mapping of the Grdhq1 locus was performed using progeny of DCH mice. In total, 308 live-born pups were produced from 36 litters, and 297 pups were weaned (11 mice died of unknown cause) ( Table 1) . No growthretarded mice were identified. The 297 mice comprised .83, P>0.1). Therefore, lethality did not occur in this cross.
Genotypes at DXMit135 (the genetic marker nearest to Grdhq1) were determined in 63 ♂ Dh/+ males. Thirty-four of 63 ♂ Dh/+ mice had the DDD allele at DXMit135, and the remaining 29 had the CAST allele ( Table 2 ). The 34 ♂ Dh/+-DXMit135 DDD mice were genotyped for 102 autosomal and X-linked microsatellite marker loci, based on the assumption that some genomic regions should preferentially have the CAST allele heterozygously. As shown in Table 3 , modest associations were identified on chromosomes 11, 15, 18, and 19. Except for two loci on chromosome 11, these associations were below the threshold indicating suggestive linkage. Thus, there were no single loci that accounted for the high survival rate of ♂ Dh/+-DXMit135 DDD mice. All 63 ♂ Dh/+ males were further genotyped for more distally located markers ( (Table 4) . Since the two loci had similar chromosomal position, they were regarded as the same single locus; I assigned the gene symbol Mgq1 (modifier of Grdhq1 QTL no. 1) to this locus.
DISCUSSION
(DDD × DH-Dh/+) F 1 -Dh/+ males die due to problems with urination and defecation, which are caused by the presence of a rectovesical fistula formed between the rectum and the urinary bladder in conjunction with an imperforate anus [11, 15] . Therefore, (DDD × DH-Dh/+) F 1 -Dh/+ males are suggested to serve as a suitable mouse model of anorectal malformation (ARM). ARM is a relatively common congenital disorder with an approximate incidence of 0.02% (one out of 5,000 infants) in humans [7] . ARM is expressed as a stenotic or imperforate anus in less severe cases, whereas it is accompanied by fistulas involving urinary and intestinal organs in more severe cases. (DDD × DH-Dh/+) F 1 -Dh/+ males show varying degrees of severity of anorectal malformation, thus serving as an animal model reflecting a spectrum of the disease in humans. Several animal models for ARM are known. For example, Danforth's short tail (Sd) mouse is one of the oldest animal models for ARM [5] . The incidence of ARM is 36% in Sd/+ and 100% in Sd/Sd mice.
Gli2 -/-
; Gli3 +/-double-mutant mice develop ARM and display a spectrum of ARM similar to that observed in humans [4, 7] . Shh -/-mice are a different animal model of ARM, and 100% of the mutants show an imperforate anus [8] . Clearly, the (DDD × DH-Dh/+) F 1 -Dh/+ male model can be distinguished from these other models because of its multigenic nature.
An initial attempt to map the Grdhq1 in DCH mice led to unexpected results. In particular, lethality did not occur in DCH mice. The number of ♂Dh/+-DXMit135 DDD mice was nearly equal to the number of ♂ Dh/+-DXMit135 CAST mice. Grdhq1 was originally identified in the ♀(♀DDD × ♂DH-+/+) F 1 × ♂ DH-Dh/+ cross, and the only difference between ♀ ( ♀ DDD × ♂ DH-+/+) F 1 × ♂ DH-Dh/+ and DCH was the sire strain used for F 1 dam production. One of the most convincing explanations for this variance was to hypothesize the presence of a CAST-derived allele that suppressed the lethality by impeding the action of Grdhq1 in ♂ Dh/+-DXMit135 DDD mice. However, linkage mapping anal- time. However, at present, the location of DXMit135 has been revealed to be distal to DXMit157) [13] . Indeed, among Dh/+ male mice from ♀ ( ♀ DDD × ♂ DH-+/+) F 1 × ♂ DH-Dh/+, 8 of 42 growth-retarded mice had the DXMit135 DH allele and 3 of 48 non-affected mice had the DXMit135 DDD allele. In addition, in the present DCH mice, it was apparent that the association at the locus on proximal chromosome 11 was stronger when the Dh/+ males were partitioned according to genotypes at more distally located markers on the X chromosome. Furthermore, a significant modifier locus, Mgq1, was identified only when the location of Grdhq1 was assumed to be near and/or distal to the Mid1 locus. These facts strongly suggest that the location of Grdhq1 is more distal than we expected.
It is crucial to determine whether Grdhq1 is located in the pseudoautosomal region (PAR) because Mid1 spans a pseudoautosomal boundary [17] . PAR is a chromosomal region of sequence identity between the X and Y chromosomes. Genes within PAR present two copies in both males and females, and essentially escape X-inactivation. Therefore, it may be possible to postulate that the DDD allele is a hypofunction allele at Grdhq1. The DDD allele can be rescued by a functional counterpart gene on the Y chromosome in some strains but not in others. As shown in a previous study [12] , however, DXMit157 DDD /DXMit157 DDD -Dh/+ females produced from ♀ ( ♀ DH-Dh/+ × ♂ DDD) F 1 × ♂ DDD, normally survived to weaning. Thus, Grdhq1 was unlikely to be located in the PAR. A gene on the Y chromosome could not be a surrogate for the X-linked locus, but is essential for the development of lethality.
In summary, the neonatal lethality in (DDD × DH-Dh/+) F 1 -Dh/+ males was revealed to be a complex disease trait caused by at least four independent gene loci, namely the Dh locus on chromosome 1, Mgq1 locus on chromosome 11, Grdhq1 locus on the X chromosome, and a putative Y chromosome-linked locus. Although the precise location of Grdhq1 remains unknown, it is probably near and/or distal to the Mid1 locus. Identification of genes causing this disease will not only contribute to understanding of multigenic traits, but also provide insights into the developmental mechanisms responsible for anorectal malformations. 
